Eleven actinobacterial strains were isolated from a rock sample collected in the Atacama Desert. Molecular typing by BOX-PCR divided the strains into three clusters and showed that, although very similar, they were not clones. Three strains, ATK01, ATK03
T
. Chemotaxonomic analyses confirmed their affiliation to the genus Pseudonocardia but differences were found between the new strains and their closest phylogenetic relatives. Physiological and fatty acid analyses also revealed differences between these strains and their phylogenetic neighbours supporting their status as a distinct species. Based on the overall data, it is proposed that strains ATK01, ATK03
T and ATK17 represent a novel species of the genus Pseudonocardia for which the name Pseudonocardia nigra sp. nov. is proposed (type strain ATK03
T =DSM 104088 T =CECT 9183 T ).
In the last decade, the Atacama Desert has been the subject of numerous microbial diversity studies with actinobacteria present in many of the sites sampled from this unique biome [1] . Many of the actinobacteria isolated from the Atacama Desert were previously unknown and some of these studies have led to the description of several new species [2] [3] [4] [5] . The genus Pseudonocardia [6] , which has been isolated from diverse sources [7] [8] [9] [10] , was recently reported from high-altitude Atacama Desert soils [11] . Indeed, there is evidence that Pseudonocardia strains are an integral part of actinobacterial communities in Atacama Desert landscapes [12] .
Pseudonocardiae are Gram-stain-positive, non-acid-fast, nonmotile and catalase-positive micro-organisms that form branched substrate hyphae which fragment into rod-shaped elements; aerial hyphae, when formed, may be sterile, fragmented into chains of oval to squarish elements or into chains of two or more spores; substrate and aerial hyphae may show cell division in different planes with a tendency to form apical or intercalary swellings. Arabinose and galactose are found in whole-organism hydrolysates, MK-8(H 4 ) is the main menaquinone component and the predominant fatty acid is iso-branched hexadecanoic acid [13] . At time of writing, the genus encompasses more than 50 species with valid names (LPSN, www.bacterio.net).
The present work describes the isolation and characterization of three representative Pseudonocardia strains recovered from a rock sample collected in the extreme hyper-arid for 2 weeks at 28 C. Spore chain arrangement and spore surface ornamentation were determined using cultures grown on ISP 2 agar by scanning electron microscopy (SEM), as described by Pascual et al. [15] .
Genomic DNA for BOX-PCR and 16S rRNA gene amplification was extracted from the isolates with the REDExtractNAmp Plant PCR kit (Sigma). BOX-PCR fingerprint profiles were obtained with the BOXAIR primer [16] and amplification and direct sequencing of rRNA genes were performed as described previously [17] . In the case of BOX genotyping, similarity matrices of densitometric curves of gel tracks were calculated using the Pearson product moment correlation coefficient followed by tree construction using the UPGMA algorithm with clusters defined at the 90 % similarity level.
The nearest phylogenetic neighbours of the isolates were determined using the EzTaxon-eDatabase (www.ezbiocloud.net/) [18] . CLUSTAL X [19] was used to align the 16S rRNA gene sequences and phylogenetic analyses were performed with MEGA 6.0 [20] using the neighbour-joining [21] , maximum-likelihood [22] and maximum-parsimony [23] algorithms. All positions containing gaps and missing data were eliminated. There were a total of 1347 positions in the final dataset. The Kimura two-parameter model [24] was used to calculate evolutionary distances and a bootstrap analysis based on 1000 replicates was done to evaluate the robustness of the tree topologies.
Biomass for the chemotaxonomic analyses was obtained from shake flasks (180 r.p.m.) of modified Bennett's broth [per litre: Lab Lemco (Oxoid) 10 g; yeast extract, 2 g; glucose, 10 g; starch, 100 mg; tryptose, 2 g; CaCO 3 , 100 mg; CoCl 2 , traces; ferric ammonium citrate, traces; pH 7.2] cultures grown for a week at 28 C. After centrifugation, the cells were separated, washed with saline solution (0.85 %, w/ v) and freeze-dried. The strains were examined for the presence of diaminopimelic acid isomers, menaquinones, polar lipids and sugars using previously described procedures [25] [26] [27] . For the fatty acid analyses, the strains were grown in shake flasks (180 r.p.m.) of trypticase soy broth (TSB) at 28 C for 3 days. The resultant biomass samples were analysed by gas chromatography using the standard MIDI system (Sherlock version 4.5) and peaks were named using the ACTIN version 6 database [28] .
The isolates and reference strains were examined for a broad range of phenotypic properties. Enzyme profiles were determined using API ZYM strips (BioM erieux) and metabolic profiles were obtained using GEN III microplates in an Omnilog device (Biolog, Hayward, USA), in each case following the manufacturer's instructions. The exported data from the Biolog tests were analysed using the opm package for R version 1.6 [29, 30] . Other biochemical and degradation tests, and the ability to grow over a range of temperatures were tested using standard microbiological procedures [31] .
The BOX profiles of the 11 isolates permitted their differentiation. While the banding patterns were similar, the strains could be clearly distinguished, indicating that they were not clones of the same strain (Fig. S1 , available in the online Supplementary Material). Three BOX clusters were defined at the 90 % similarity level, and a representative from each cluster, namely strains ATK01, ATK03
T and ATK17, were selected for full characterization.
The three isolates grew well on ISP 1-4 media and moderately well on ISP 5 and 6. The substrate mycelial colours ranged from light to dark yellow depending on the growth medium. White aerial mycelium was produced on ISP 3 agar, this turned black with age when the isolates were cultivated on ISP 2 agar. A summary of these results is given in Table S1 . Strain ATK03
T produced swollen substrate hyphae that showed cell division in different planes; smooth, non-motile spores were detected on the substrate hyphae (Fig. 1) .
The 16S rRNA gene sequences (1457-1458 bp) of the three representative isolates and the eight remaining strains included in the BOX analyses were shown to have identical sequences. The isolates formed a distinct subclade in the Pseudonocardia 16S rRNA gene tree, the integrity of which was supported by all of the tree-making algorithms and by a 100 % bootstrap value (Fig. 2) . This taxon was most closely related to the type strain of P. bannensis, a relationship that was supported by a 73 % bootstrap value and by all of the tree making algorithms; the isolates showed a 16S rRNA gene sequence similarity of 97.9 % with the P. bannensis type strain, a value that corresponds to 30 nucleotide differences at 1409 locations. In turn, the isolates were loosely related to the type strain of P. xinjiangensis showing a 16S rRNA gene sequence similarity with this organism of 98.3 %, a value equivalent to 23 nucleotide differences at 1325 sites.
Chemotaxonomic results also supported the affiliation of the three strains to the genus Pseudonocardia. All of the isolates had peptidoglycan rich in meso-diaminopimelic acid (A 2 pm) and contained arabinose, galactose, glucose, mannose and ribose as whole-organism sugars. The common polar lipids found in the strains were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, phosphatidylinositol, and phosphatidylinositol mannosides, while strain ATK17 also contained hydroxy-ethanolamine and an unidentified glycolipid. Strains ATK01 and ATK03 T were found to have several unidentified lipids (Fig. S2 ). The menaquinone MK8(H 4 ) was the only quinone detected. The fatty acid compositions of the three representative isolates and the type strains P. bannensis DSM 45300 and P. xinjiangensis DSM 44661 are shown in Table S2 . The major fatty acid of the new strains was iso-C 16 : 0 (19.5-36.4 %), the balance was composed of minor/moderate proportions of iso-C 15 : 0 (4.8-19.8 %), iso-C 16 : 1 H (2.7-5.0 %), C 16 : 0 (3.9-8.0 %), iso-C 17 : 0 (2.5-13.5 %), C 17 : 1 !8c (3.2-10.7 %), C 17 : 0 (2.3-6.1 %), 10-methyl C 17 : 0 (1.0-1.6 %), summed feature 3 (4.4-10.9 %) and summed feature 9 (4.9-16.3 %). These results also demonstrate that the isolates are not clones, as qualitative and quantitative differences were found in the polar lipid and fatty acid patterns, respectively.
The results of the phenotypic tests carried out on the three isolates and the type strains of P. bannensis and P. xinjiangensis are summarized in Table 1 . Strains ATK01, ATK03 T and ATK17 shared many physiological traits; however, others such as the utilization of D-fructose, L-malic acid, and/or pectin were strain-specific. Additionally, strains ATK01 and ATK03
T hydrolysed arbutin and aesculin while only strain ATK17 was able to grow at 10 and 40 C. Other T and ATK17 from one another and from the type strains of closely related species All of the strains produced a-mannosidase, and naphthol-AS-BI-phosphohydrolase, degraded starch, utilised cellobiose, D-fucose, D-glucose, maltose, D-mannose, trehalose, a-keto-glutaric acid and propionic acid, were resistant to potassium tellurite and grew at pH 6.0. In contrast, none of the strains produced a-chymotrypsin, a-fucosidase, b-glucuronidase, lipase (C14) or trypsin or utilised D-aspartic acid or L-histidine (amino-acids), dextrin, N-acetyl-b-D-mannosamine, or N-acetyl-neuraminic acid (sugars) or D-malic acid, p-hydroxy-phenylacetic acid or D-saccharic acid. +, Positive results; -, negative results. 
0.01

Pseudonocardia nigra ATK03 T (KY242511) Pseudonocardia nigra ATK17 (KY242512) Pseudonocardia nigra ATK01 (KY242510)
P
Characterization
Acetic acid, acetoacetic acid, raffinose
Aztreonam, lithium chloride, NaCl (4 % w/v) + + + + À Fusidic acid, lincomycin, naladixic acid, niaproof, rifamycin SV, sodium formate, troleandomycin, vancomycin T forms spores in straight chains and divides in several planes whereas the type strain of P. bannensis produces long chains of spores on both substrate and aerial mycelia [32] . Further, the isolates, unlike P. xinjiangensis DSM 44661 T , metabolise acetic acid, acetoacetic acid and raffinose, are resistant to aztreonam and lithium chloride and are not inhibited by 4 % sodium chloride (w/v). In contrast, the type strain of P. xinjiangensis, unlike the isolates, produces a-galactosidase and metabolises g-amino-n-butyric acid, a-ketobutyric acid, gelatin, glycyl-L-proline, and D-serine. The strains can also be distinguished from P. xinjiangensis DSM 44661 T using morphological features. The latter produces spores in longitudinal pairs on substrate hyphae and either singly or in longitudinal chains on aerial hyphae [33, 34] . Moreover, only P. xinjiangensis has phosphatidylcholine in its polar lipid profile.
Several Pseudonocardia type strains sharing 16 rRNA gene sequence similarities above 99 % have been reported to have DNA-DNA hybridization values well below the 70 % cutoff point for the assignment of closely related strains to the same species [7, 34, 35] . Given that the sequence similarity results between the ATK strains and their closest phylogenetic neighbours were found to be well below 99 % (97.3-98.3 %), the value recommended to trigger DNA-DNA hybridization studies [36] , these analyses were not performed. Indeed, it is evident from this broad-ranging polyphasic study that isolates ATK01, ATK03
T and ATK17 form a distinct centre of taxonomic variation within the genus Pseudonocardia that merits recognition as a new species. The name proposed for this species is Pseudonocardia nigra sp. nov.
DESCRIPTION OF PSEUDONOCARDIA NIGRA SP. NOV.
(ni¢gra. L. fem. adj. nigra black, referring to the colour of the mature mycelium of the colonies).
Aerobic, Gram-stain-positive actinobacteria which form branched substrate mycelia; aerial hyphae, when formed, differentiate into smooth-surfaced spores (1-1.5 µm). Grows well on oatmeal, tryptone-yeast extract, tyrosine and yeast-extract-malt extract agars. White aerial hyphae and yellow white substrate mycelia are formed on oatmeal agar. On ISP 2 agar the aerial mycelium turns black with age. Grows from 10 to 30 C, from pH 6 to pH 7, and in the presence of 4 % sodium chloride (w/v). Produces a-mannosidase and naphthol-AS-BI phosphohydrolase and degrades starch. The cell wall peptidoglycan contains meso-diaminopimelic acid and the whole-cell sugars are arabinose, galactose, glucose, mannose and ribose. The predominant menaquinone is MK8(H 4 ) and the major fatty acid iso-hexadecanoic acid (iso-C 16 : 0 ). The polar lipid profile includes diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, phosphatidylinositol, and phosphatidylinositol mannosides.
The type strain, ATK03
T (CECT 9183 T ; DSM 104088 T ) and strains ATK01 and ATK17 were isolated from a rock collected from the surface of an extreme hyper-arid Atacama Desert soil.
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